Interface characteristics of polystyrene (PS) melts in free-standing thin films and on a graphite surface were investigated by molecular dynamics simulations employing an explicit all-atom force field. The calculated surface tension is in good agreement with experiment, which provides good support for the force field parameters employed. In the polymer/vacuum free-surface region, the density profile exhibits an enrichment of phenyl groups relative to the backbone alkyl groups at the outermost low-density free surface, but this free surface is followed by a layer of relatively depleted phenyls and enriched alkyls of ca. 7 Å thickness. In the free surface, the phenyl-ring normal vectors and backbone chain vectors are both preferentially oriented along the film surface, in agreement with available experiments. At the polymer/graphite interface, the backbone chain vectors are strongly oriented along the graphite surface whereas the orientation distribution of phenyl-ring normal vectors exhibits two maxima along the nearly parallel (20 o ) and the perpendicular direction to the graphite-surface normal. A densely packed structure is formed at the PS-graphite interface, which strongly decreases the segmental chain mobility, in contrast to the enhanced segmental mobility in the free-surface region.
Introduction
Recently, polymer thin films have attracted a great deal of interest due to their increasing importance in diverse technological applications such as adhesives, lubricants, protective coatings, reverse-osmosis membranes, etc. In this regard, the key properties of polymer thin films are critically dependent on the interfacial characteristics at the polymer/solid and polymer/air interfaces over the length scales of less than ca. 1 nm [1] . Therefore, many experimental and simulation studies have been carried out in the last two decades on the polymer/solid interfaces as well as the polymer/air free surfaces. These studies were also motivated in large part by the important observation that the glass transition temperature (Tg) of polymer thin films could be significantly lower than that of the bulk state [2, 3] . As a possible origin of such a depression of Tg in thin films, Kajiyama et al. first reported the existence of a more mobile region with lower Tg at the polymer/air interface as a result of their measurements of the surface viscoelastic characteristics of polystyrene films of various molecular weights [4, 5] . Their early results were confirmed by recent spectroscopic experiments that provided the detailed characteristics of the more mobile region in the free surface of polymer films [6] .
Moreover, the polymer/solid substrate interfacial interactions are also known to play an important role in determining the Tg of polymer thin films, as reported early [7] [8] [9] . Therefore, both the polymer/air free surface and polymer/solid interface strongly influence the important physical properties of polymer thin films. While the polymer/air free surface is well defined, the polymer/solid interface varies a great deal depending upon the nature of polymer/solid substrate interactions, as demonstrated by early experiments on polystyrene films on normal silicon oxide versus hydrogenated silicon oxide surfaces [7] . In this regard, a polymer/graphite interface is of current interest since polymer-carbon (graphite) fiber composites are widely employed in many important technological applications, including critical aerospace structures. More recently, graphene-polymer nanocomposite films are being actively investigated as a means of taking advantage of unique electronic properties of graphene for key technological applications such as transparent electrodes for electronic devices [10] .
The structural characteristics of polymer thin films have been investigated by employing various experimental techniques including X-ray scattering [11] , near-edge X-ray absorption fine structure (NEXAFS) spectroscopy [12] , X-ray photoelectron spectroscopy (XPS) [13] , secondary ion mass spectroscopy (SIMS) [13] , and scanning probe microscopy (SPM) [14] . In addition, sum frequency generation (SFG) spectroscopy has been applied as a very powerful experimental technique to measure both the buried polymer/solid interface and the free polymer/air interface [15, 16] . Since Guatam et al. first reported SFG investigations of the polystyrene (PS)/sapphire interface [17] , further SFG studies have been carried out on various polymer/solid interfaces, including polystyrene on glass [18] and quartz [19] , poly(methyl methacrylate) on sapphire [20] , poly(n-alkyl acrylate)s on sapphire [21] , and several biopolymers on solid substrates [22, 23] . The results of these studies unveiled the buried polymer structures in the vicinity of solid substrates and clearly showed that the polymer/solid interface structure was strongly dependent on the characteristics of the polymer-solid surface interactions.
Chain dynamics in confined polymer melts is another important topic of the investigations on polymer thin films. Soles et al. investigated the dynamics of substrate-supported polymer thin films using incoherent neutron scattering and found that the mean square atomic displacement in polymer melts was reduced as the film thickness decreased due to the tight molecular packing caused by the thin-film confinement [24] [25] [26] . Moreover, Inoue et al. reported that, from inelastic neutron scattering experiments on a 20 nm-thick glassy polystyrene film, the chain mobility in the direction perpendicular to the film surface was slightly greater than that in the parallel direction [27] .
Computer simulation studies are very helpful in understanding the polymer thin films since they can provide the molecular origins of the structure and properties observed by experiments.
Furthermore, using computer simulations, one can predict interesting characteristics of polymer thin films that could be measured subsequently by more advanced experiments. For example, the study of anisotropic chain mobility in polymer thin films, which was shown experimentally by Inoue et al. [27] , had been motivated by an earlier simulation study of polymer thin films [28] .
Therefore, many computer simulations on the polymer/vacuum and the polymer/solid interfaces have been performed over the last thirty years. In the early days, mostly coarse-grained models, such as the simple lattice model [29] [30] [31] , freely-jointed hard sphere model [32] [33] [34] , and LennardJonnes (LJ) bead-spring chain model [35] [36] [37] [38] [39] , were employed, followed by application of unitedatom models [40] [41] [42] [43] [44] [45] [46] [47] [48] . The earlier studies showed the general features of polymer thin films and interfaces, but they had critical limitations in that they were unable to include accurate information about the detailed chemical structures of various polymers and their interactions at various surfaces.
Such shortcomings have been improved by recent advances in computational capability and simulation algorithms, allowing large scale simulations on the polymer/vacuum [49] and the polymer/solid [50] [51] [52] interfaces with detailed consideration of explicit atomistic structures and interactions.
In the present work, we performed molecular dynamics (MD) simulations of polystyrene (PS) melts in free-standing thin films and on a graphite substrate using an explicit all-atom model [53] . Our choice of PS films was motivated, firstly, by the experimental observations that among all the polymers investigated so far, PS films exhibit the most pronounced depression of Tg in thin films and the thickest mobile layer in the free-surface region in the temperature range below the Tg of the bulk sample [6, 54] . Therefore, explicit all-atom molecular simulations of PS melts promise to yield potentially valuable insights into the molecular origin of the decreased Tg in thin PS films.
In this regard, our explicit-atom MD simulations of PS surfaces are also intended to check the general validity of united-atom MD simulations of PS thin films [48] , which have recently been employed to investigate the thickness dependence of Tg of free-standing PS films [55] . Secondly, PS chains are comprised of a very high fraction (75%) of aromatic carbons and thus provide a unique opportunity to investigate the detailed characteristics and consequences of important aromatic-aromatic interactions in polymer-graphite composites and polymer-graphene nanocomposites [10] .
Here, we first present the surface tension of PS melts calculated from the virial equation of the pressure tensor and thereby ascertain the validity of explicit-atom force fields for PS chains.
Then we discuss the density profiles of overall atoms versus phenyl atoms and the orientation characteristics of backbone chain vectors versus phenyl-ring normal vectors in both the free-surface region and in the interface with the graphite surface, in comparison with available experiments.
Finally, the segmental chain dynamics in the free-surface region and in the graphite surface region are compared with those in the bulk-like region.
System specifications and simulation/computation methods
MD simulations were performed on melts of atactic polystyrene (PS) at 450 K, which is well above its experimental Tg of 373 K, following the simulation methods described in detail in the previous studies of polymethylene films [40] and polytetrafluorene (PTFE) films [49] . The simulation box has 20 molecules and each molecule has 15 repeating units, with the stereochemical configuration of each repeat unit chosen randomly as meso or racemic [48, 55] . Prior to the thin film simulation, the equilibrium bulk phase was simulated in order to obtain PVT properties. In doing so, we first performed NPT MD simulations (fixed number of particles, pressure, and temperature) for a cubic simulation box with periodic boundary conditions in all directions [ Figure 1 (a)]. After the bulk phase was fully equilibrated by monitoring the density and chain conformations [40, 49, 55] We used the explicit-atom force field of Smith et al. [53] for the intermolecular and intramolecular interactions of PS chains. From the bulk simulations, we obtained the density at 450 K of 0.984 g/cm 3 . It is very close to the estimated value (0.981 g/cm 3 ) from the equation-of-state obtained by the experiments [57] . In addition, using the same force field parameters Ayyagari et al. reproduced the equilibrium structure factors in good agreement with the X-ray scattering experiments [56] . Moreover, He et al. showed that segmental chain dynamics of PS melts obtained from the MD simulations were in agreement with the NMR experiments [58] . These prior results demonstrate that the force field employed in the present work satisfactorily describes the molecular interactions in real PS melts.
For the interactions between the graphite substrate and the PS atoms we used Steele's potential function [59] . Using the symmetry in the crystalline substrate, he showed that the graphite substrate may be represented by a set of Lennard-Jones (LJ) carbon atoms and proposed the potential energy function between an atom and the graphite substrate given by
where
In equations (2) and (3) (2) is performed explicitly over the first 63 underlying layers and the remaining contribution is accounted for by smearing the graphite carbons in all three directions resulting in a 9-3 potential form: 
We obtained LJ σ and ε parameters using Lorentz-Berthelot combining rules from Jorgensen et al.'s force fields [60] for the PS atoms and Steele's force fields [59] for the graphite atoms.
We used the Martyna-Tuckermann-Klein thermostat [61, 62] to maintain the temperature at the desired value and the reference system propagator algorithm as the integrator [63] . In order to account for the charge interactions, we employed the conventional Ewald sum technique for the bulk and the free-standing PS thin film simulations. For the PS thin film on graphite, which is the system with periodicity in 2-dimension, we used a technique developed by Csajka and Seidel [64] .
Their method was originally proposed by Lekner [65] and modified by Sperb [66] . In the multiple time-step scheme [67] , the time step was set to 2 fs for long-range interactions (electrostatic and van der Waals interactions) and 0.5 fs for short-range interactions (stretching, bending and torsional interactions). The cut-off radius for the van der Waals interaction was 8 Å, and thus the long-range corrections to the pressure or corresponding virials were considered. The Verlet neighbor list was used to save computer time [68] .
The surface tension is calculated from the corresponding microscopic expression using the atomic virials as given in the following expression [69, 70] yy xx zz yy xx zz
In equation (5) 
where N is the number of molecules, m is the number of atoms in a molecule, The contribution of the long-range correction term for the van der Waals interactions to the surface tension is not negligible [72] . This term can be evaluated using the Kirkwood-Buff equation [69] for the region beyond the cut-off and assuming the pair correlation function in this region to be unity. In addition, due to the PS/vacuum and PS/graphite interfaces, the local density around an atom is asymmetric along the z -axis. Hence, a self-consistent correction term to the force in the z -direction was accounted for by applying the density profile. The detailed equations for these long-range corrections for the surface tension and the force were given in the reference 40.
Results and discussion

Free-standing PS thin film
Surface tension. From the free-standing thin film simulations, we obtained the PS surface tension at 450 K of 34.5 (± 2.1) dyn/cm. Although this estimated value is greater by ~ 18% than the experimental result of 29.2 dyn/cm [73] , such a difference is not significant compared with the other surface tension estimations for polymers [40, 43, 45, 49] . The discrepancy between simulation and experiment may be attributed to two possible sources. The first is the potential inaccuracy of the force field. As mentioned above, Smith et al's force field [53] employed in the present study describes the bulk states very well; however, the surface tension is very sensitive to the interactions among the small number of molecules in the surfaces. Thus, for a precise calculation, the force field should describe very accurately the vapor phase as well as the liquid phase. To determine whether the force field is sufficiently accurate to treat the vapor phase, however, we would need to perform simulations for phase equilibrium. Even if the force field were valid for the phase equilibrium calculation, the present simulation method could still produce an incorrect surface tension since we only included pair-wise additive terms for the van der Waals interactions in equation (6) . In this regard, Barker showed from the Monte Carlo simulations of noble gases that using only the pair-wise potential terms overestimated their surface tensions [74] . Thus, for a better prediction, the three-body interaction perturbations need to be included. However, obtaining better estimations of surface tensions through development of more accurate force fields and/or including three-body perturbations would require separate detailed investigations, which are beyond the scope of the present study. Under the circumstances, we consider the force field employed to be quite satisfactory. Figure 2 shows the segment density profiles in a free-standing PS thin film of ~37 Å thickness at 450 K. The overall density profile for all atoms shows that the profile is flat in the middle of the film and that it decays smoothly in the free-surface region.
Segment density profiles.
Compared to the overall density profile, that of phenyl atoms is highly enhanced in the free surface and it is depleted significantly in the interfacial region adjacent to the surface. Since the total density of this interfacial region is nearly identical to that of the bulk, the density profile of the backbone alkyl atoms exhibits a concomitant enrichment in this interfacial region of ca. 7 Å thickness. The major significance of this phenyl-depleted interfacial region at the free surface of PS films is discussed separately in a recent united-atom simulation study on the thicknessdependence of Tg of PS thin films, which also considers the relative importance of chain-end segregation in decreasing the Tg [55] . As compared with the corresponding results from the unitedatom simulations on free-standing PS thin film, the extent of phenyl depletion seems to be slightly more pronounced in the explicit-atom simulations; likewise, the chain-end segregation effects (noticeable in Figure 1(c) ) are similar [55] .
Segment orientation profiles.
The orientational order parameter is used to investigate the orientational characteristics of chain segments defined as ( )
where θ is the angle between the direction of the designated vector and the surface normal vector (vector 1 in Figure 3(a) ). The value of the order parameter is 1 when the designated vectors are perfectly oriented perpendicular to the surface, 2 1 − when they are perfectly aligned parallel to the surface, and 0 when they are randomly oriented. In Figure 3(b) , two kinds of orientational order parameters are shown. One is that of the backbone chain vectors (vector 2 in Figure 3(a) ) and the other is that of the phenyl-ring normal vectors (vector 3 in Figure 3(a) ). The order parameter of the backbone chain vectors is negative in the surface region and is close to zero in the middle region.
This means that the backbone chain vectors tend to orient parallel to the film surface while they are randomly oriented in the middle region. The order parameter of the phenyl-ring normal vectors resembles that of the backbone chain vector, indicating that the phenyl-ring planes at the free surface are preferentially oriented perpendicular to the film surface. Combining the density profiles and the orientational order parameters, the phenyl groups are enriched at the free surface with the phenyl-ring planes pointing outward. This structural property of the PS melt surface is in good qualitative agreement with SFG experiments [17, 18] and NEXAFS experiments [75] , although the experiments were performed on glassy PS films. Again, the segment orientation profiles are in good agreement with the united-atom simulations of PS [55] .
PS thin film on graphite
Segment/atom density profiles. Figure 4(a) shows the segment density profiles of a thin film of PS melt on graphite at 450 K. At the free-surface region, the density profiles of all the segments are well reproduced, in agreement with the free-standing thin film simulations. However, at the graphite interface, they show a very high total density layer of up to ~7 Å due to the favorable interaction energy between aromatic phenyls of PS chains and graphite atoms. For a detailed examination of the PS/graphite interface region, the scaled-up density plots of respective carbons in a monomer unit are shown in Figure 4(b) . A significant point to observe is that at the PS/graphite interface two kinds of backbone carbon atoms (C3 and C4 in Figure 4 (b)) are clearly distinguishable, i.e., the C3 atoms are in contact with the graphite surface while the C4 atoms are located slightly away from the surface. At the free surface, the C4 atoms are located slightly outward relative to C3, as pictured in Figure 3 Figure 5(a) shows the orientational order parameter in the PS thin film on graphite at 450 K. At the free surface both the orientational order of the backbone chain vectors and that of phenyl-ring normal vectors are well reproduced to match those of the free-standing thin films. However, at the graphite interface both types of segment vectors are very highly ordered. The backbone chain vectors at the graphite interface are strongly oriented along the graphite surface while the phenyl-ring normal vectors show a strong orientation normal to the surface at ~ 3.5 Å, followed by a strong orientation parallel to the surface at ~ 5.7 Å. Because the location (z), in equation (7), of the phenyl-ring normal vectors in the order parameter plot is defined as the center of phenyl ring, the vectors oriented normal to the surface are sampled at a shorter distance from the graphite surface than the vectors oriented parallel to the surface. Due to the overlap of different peaks in Figure 5 (a) it is difficult to determine which of the two phenyl-ring plane orientations is preferred -parallel (left in Figure 5(b) ) or perpendicular (right in Figure 5(b)) to the interface. Figure 6 shows the angular distribution of the phenyl-ring normal vectors with respect to the surface normal. Herein we divided the film into three regions, as drawn in the top part of Figure   6 : Region I for the PS/graphite interface, Region II for the middle of the film and Region III for the PS/vacuum interface. The graphite interface (I) is defined as the region from the top plane of the graphite to the location where the all-atom density shows a minimum on the graphite side of the film, and the vacuum interface (Region III) is defined as the region where the density is less than 90% of the bulk density on the vacuum side of the film. As shown in Figure 6 , in the middle of the film (Region II) the orientation of phenyl-ring planes is rather uniform while at the free surface (Region III) the phenyl-ring normal vectors show a maximum along the direction parallel to the surface (θ = 90°). In contrast, at the graphite interface (Region I) there are two maxima with the phenyl-ring planes oriented nearly parallel (θ = 20°) and perpendicular (θ = 90°) to the surface, respectively, with a slight preference for the perpendicular one.
Segment orientation profiles.
Gautam et al.'s SFG experiment of PS on sapphire [17] showed that the phenyl-ring planes at the sapphire interface mostly lay down on the interface and the averaged orientational angle was [18] showed that the phenyl ring orientation was highly dependent on the characteristics of the substrates. According to their results, a hydrophilic surface, such as UV-ozone treated glass, causes the phenyl-ring planes to orient parallel to the surface while a hydrophobic surface induces the perpendicular orientation. In other words, their experiments indicate that when the attractive interaction between the substrate and the phenyl rings is strong, the phenyl-ring planes are oriented parallel to the interface, while when the attractive interaction is weak such that the intramolecular interactions of PS molecules become more important, the phenyl-ring planes tend to orient perpendicular to the surface. From this point of view, it seems that the graphite surface exhibits behavior intermediate between hydrophilic and hydrophobic limits, with both the parallel and the perpendicular orientation of phenyl-ring planes simultaneously observed at the graphite/PS interface. However, the experimental results should be viewed with some caution since recent SFG experiments of Tsuruta et al. showed that the PS chain orientation on quartz substrate was strongly dependent upon the film preparation methods from the polymer solutions [19] . Figure 7 shows the orientational autocorrelation functions of all the C-H bond vectors in the three different regions as described above. The function is the same as defined in equation 7; however, here θ(t) is an angle between a C-H bond at a designated starting time and after the elapsed time t. He et al. [58] showed that such functions followed the modified Kohlrausch-Williams-Watts (mKWW) equation from their MD simulations of PS melt chains and that the average relaxation times from the simulations were in good agreement with the NMR experiments. In this work we find that the orientational autocorrelation function of C-H bonds varies depending on their location in the thin film. The autocorrelation functions were thus calculated as follows. First, the z coordinate of the center of each C-H vector was recorded at the beginning of the time scan and assigned to one of the three regions, as defined in Figure 6 
Orientational autocorrelation functions of C-H bonds.
where alib and τlib represent the amplitude and the relaxation time for the librational motion whereas τseg and β are the parameters that describe the segmental relaxations [58] . In the middle Region II, τseg is ~4 ns and β is ~0.45, which are reasonable values when compared with the results of He et al. for bulk PS melts [58] . In comparison, in the graphite interface Region I τseg is ~80 ns and β is ~0.35, whereas τseg is ~1 ns and β is ~0.33 in the vacuum interface Region III. This result clearly shows that the vacuum interface significantly enhances the segmental mobility of PS chains as compared with the bulk melts, whereas the graphite interface strongly reduces it.
Conclusion
MD simulations of the PS melt in free-standing thin films and on a graphite surface were performed employing an explicit all-atom force field. The surface tension predicted by simulations is in good agreement with experiments within the limits of current simulation methods. In the free interfaces, the aromatic phenyl atoms are preferentially populated in the low-density outermost low-density surface followed by a depletion of aromatic phenyl-atom density in the adjacent interfacial layer of ca. 7 Å thickness, whereas the backbone alkyl atoms are concomitantly enriched in this layer. These segment density profiles are in good agreement with the results of recent unitedatom simulations of free-standing PS thin films, although the phenyl depletion seems less pronounced for the united-atom models [55] . The phenyl-ring planes in the free-surface region are preferentially oriented perpendicular to the surface while the backbone chain vectors orient parallel to the surface, in agreement with experiments [17, 18, 75] and previous simulations [55, 75] . In the graphite interface, the backbone chain vectors are strongly oriented along the graphite surface, whereas the distribution of phenyl ring-normal vectors shows two maxima along the nearly parallel (20 o ) and perpendicular direction to the surface normal. The segmental mobility of PS melt chains in the graphite interface is strongly diminished due to the interactions between the graphite surface and the aromatic phenyl groups of PS, whereas in the free surface region the segmental mobility is enhanced as compared with the bulk PS melts due to the decreased segment density.
As compared with previous studies of free-standing thin films of PE [40] and PTFE [49] , the results of PS films exhibit common features of over-all density profiles, distribution of chain ends, orientation of chain vectors and enhanced chain dynamics at the free-surface region. However, the PS films are quite unique in that they exhibit a nonuniform distribution of chain segments in the interface region by depleting phenyl groups and concomitantly enriching backbone alkyl groups in the interfacial layer adjacent to the low-density free-surface region. Since the abundance of phenyl groups in PS chains provides strong aromatic-aromatic interactions in the melts, the observation of the phenyl-depleted interfacial layer may provide a significant clue to understanding the origin of the decreased Tg in thin PS films, most pronounced among all the polymers [6, 54] .
This seems to be supported by the recent simulation study of glass transition in free-standing PS thin films employing a united-atom model that adequately reproduces the key structural characteristics of PS surfaces obtained by explicit-atom simulations [55] . 
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